1. Title 
Technical Perspective
Mercury releases at natural gas metering sites have created potentially serious environmental and regulatory concerns for the gas industry. As a result, the gas industry is faced with the need to evaluate innovative technologies capable of remediating a variety of mercury-contaminated soils and wastes in the most efficient, cost-effective, and environmentally sound manner.
Results Two commercial demonstrations were evaluated for their effectiveness in removing mercury from soil. The thermal technology reduced total and leachable toxicity characteristic leaching procedure (TCLP) mercury to lower levels than the combination technology consisting of physical separation, chemical leaching, and electrokinetic separation. However, the combination physical-chemical technology was able to reduce mercury to levels that would meet most regulatory requirements and is claimed to operate at a higher rate of throughput. An added perspective on these two demonstrations was their mode of operation: the thermal technology was operating as a mobile unit and the combination physical-chemical technology at a fixed facility. Both technologies were permitted to operate as a recycling process.
Technical Approach
This research was a continuation of earlier related projects evaluating the levels of mercury contamination at natural gas industry sites and investigating the range of options for dealing with contaminated soils from the sites. A previous project evaluated three different technologies, one bench-scale and two prototypes, for treating mercury-contaminated soils. The results (Stepan and others, 1995a) showed that both thermal treatment and combinations of physical I o separation and chemical leaching were effective in reducing mercury in soil to below regulated levels.
Project Implications
The data presented herein demonstrate that there are now two quite different technologies available to the gas industry for the remediation of mercurycontaminated soil. Both technologies produce a treated soil that meets or exceeds limits defined by current applicable U.S. Environmental Protection Agency (EPA) regulations. The two technologies demonstrate different advantages and disadvantages, offering the gas industry a real choice. It is also pleasing to see that these technologies show the same favorable characteristics as demonstrated in pilot-and bench-scale testing in commercial field operation (GRI-94/0402). 
GRI

SUMMARY
The natural gas industry first became concerned about mercury contamination at gas metering sites because of the potential for mercury exposure to workers. In addition, under the U. S. Environmental Protection Agency Land Disposal Restrictions ("Land Ban"), regulations were scheduled to come into force which could severely limit the options for disposal or could require treatment that was either prohibitively expensive or unavailable at any price.
In this context, Gas Research Institute (GRI), in late 1991, proposed to fund research identifying the environmental ramifications of existing mercury contamination and investigating options for remediating sites. Several previous research projects at the Energy & Environmental Research Center (EERC), funded by GRI, the U.S. Department of Energy (USDOE), and Union Gas Limited, have investigated the range-of options available for remediating mercurycontaminated media. In addition, these research projects tested several technologies at bench scale and prototype, including the MRS thermal technology demonstrated in this report at the commercial level. Previous tests showed that both thermal treatment and combinations of physical separation and chemical leaching were effective in reducing mercury in soil to below regulated levels.
The objective of this research was to evaluate the performance of demonstrations of two commercial-scale remediation technologies applied to mercury -contaminated soils from natural gas industry sites. The two companies selected for these demonstrations, Mercury Recovery Services (MRS) and Environmental Technologies International (ETI), both began commercial operations in 1994.
MRS was operating a mobile thermal retort unit at a gas industry client's remote site in New Mexico. ET1 was operating a combination physical separation and chemical leaching technology at a fixed-base facility in Ohio under a Resource Conservation and Recovery Act (RCRA) Part B permit, which allowed ET1 to accept mercury-contaminated soils and wastes shipped to the facility for treatment. Both MRS and ET1 technologies were permitted to operate as recycling processes in several states in addition to New Mexico and Ohio where these demonstrations were conducted.
The MRS thermal retort technology was able to reduce both total and toxicity characteristic leaching procedure (TCLP) mercury in soil to very low levels. Total mercury was reduced from about lo00 mg/kg (ppm) to 1-2 ppm. Leachable mercury (TCLP) was reduced from as high as 0.25 mg/L to 0.003 mg/L to nondetect (<0.0001 mg/L), well belowqthe hazardous waste regulated limit of 0.2 mg/L. A Jerome 431-X mercury vapor analyzer was used to spot-check for fugitive mercury vapors during sampling of the demonstration, but readings were low, consistent with 4-day hourly averages provided by MRS, and below the Occupational Safety and Health Administration {OSHA) limit.
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The ET1 process, a combination physical separation and chemical leaching technology, was not able to reduce total and TCLP mercury in soil to levels as low as the MRS thermal technology. However, ET1 projects its rate of throughput to be higher (6-8 tons per hour vs. 12 tons per day for MRS). The ET1 technology reduced total mercury from as high as 670 ppm in the feed soil to 10 ppm or less in the clay fraction after three leaching cycles. Leachable mercury (TCLP) was reduced from as high as 0.1 mg/L in the feed soil to 0.04 mg/L or less in the clay fraction after three leaching cycles, below the hazardous waste regulated limit of 0.2 mg/L. A Jerome 43 1 -X mercury vapor analyzer was used during the demonstration in two areas where ET1 had identified the potential for elevated mercury vapors. Several readings were slightly above the OSHA limit (permissible exposure limit, PEL), but were not considered problematic, since mercury vapor respirators were being worn during sampling within the exclusion zone.
In conclusion, the MRS and ET1 technologies differed from each other in many respects (thermal vs. physical-chemical, mobile vs. fixed, treatment level, long-term liability reduction, secondary wastes, throughput, and cost). However, each company may be able to establish its own niche in the market and be commercially viable, depending upon each client's sensitivity to the multiple factors listed above. (Charlton and others, 1993; .
The research was initiated because of concerns raised within the natural gas industry for the health and safety of workers exposed to elevated levels of mercury from contamination at gasmetering stations (Henke and others, 1993) . The principal source of the contamination is elemental mercury from manometers associated with gas meters found throughout the gas industry.
In addition to the health and safety considerations, environmental and regulatory issues are associated with the mercury contamination (DuGuay, 1994) . Other tasks associated with the EERC mercury research program have addressed issues of sampling, preservation, and analysis (Bloom, 1994; Thompson and Hassett, 1995) , subsurface transport (Harju and others, 1995; Sorensen and others, 1996) , site prioritization for remediation (Walsh and others, 1994) , and remediation technology options (Stepan and others, 1993; Stepan and others, 1995b ).
Stepan and others (1993) reviewed the current state of options for remediating mercurycontaminated soils and developed a database of 85 companies or research groups identified to be working with or developing mercury remediation technologies. The database was updated in 1995 to include 95 companies or research groups (Stepan and others, 1995b) .
Another previous task conducted at the EERC investigated three mercury remediation technologies at bench and pilot scales (Stepan and others, 1995a) . The three remediation technologies tested were 1) a pilot thermal retorting system developed by Pittsburgh Mineral & Environmental Technology (PMET) and Mercury Recovery Services (MRS), both of New Brighton, Pennsylvania, 2) a bench-scale chemical leaching system developed by COGNIS, Inc., Santa Rosa, California, and 3) a pilot combination physical separatiodchemical leaching system developed by Mountain States R&D International, Vail, Arizona.
This project involves research and demonstrations of two commercially available technologies for remediation of mercury-contaminated soils from gas industry sites. The two technologies evaluated were 1) the thermal retorting system developed by MRS and 2) the physical separatiodchemical leaching system developed by Earth Treatment Technologies (ETT), Aston, Pennsylvania, and currently owned and under further development by Environmental Technologies International (ETI) , Shillington, Pennsylvania. In order to avoid confusion, the technology will be referred to as the "ETI" technology throughout this report, even though our sampling of the operation was conducted while ETT was still owner and operator of the technology. The intent of this phase of research was to evaluate the effectiveness of two commercialscale remediation technologies when applied to mercury-contaminated soils from gas industry metering sites. Earlier phases of the EERC remediation technology review had established that both thermal retorting and a combination of physical separation and chemical leaching had the potential to treat mercury-contaminated soils to levels that meet most current and projected regulatory targets.
However, the earlier phases of research were limited, because much of the data were provided by the technology developer or vendor, presented in summary form, and incorporated into the remediation technology databases (Stepan and others, 1993; Stepan and others, 1995b) . As a result of the manner in which the information was collected, it was not possible to verify the data.
In the next phase of research, three technologies were tested at bench scale and pilot scale (Stepan and others, 1995a) . Each subcontractor was provided with the same soils obtained from gas industry metering sites, which allowed the results of the tests to be better used to compare the technologies. However, there are limitations inherent in bench-scale and prototype tests as compared to commercial operations because of the difference in scale.
Therefore, in this phase of the research, it was decided to test two commercial technologies that were specifically designed for and targeted at the gas industry. Both commercial technologies were made available for the first time in the second half of 1994 by MRS and ETI. The two technologies chosen for these tests had the added advantage that they contrasted one another is several ways: 1) MRS is a thermal retorting system, while ET1 is a combination physical separationkhemical leaching system; 2) MRS was operating as a mobile unit, while ET1 was set up at a fixed facility; and 3) MRS was operating at a western U.S. site (New Mexico), and ET1 was operating at an eastern U.S. site (Ohio).
OBJECTIVE AND SCOPE
I
The objective of this report is to provide an independent evaluation of the mercury remediation technologies commercially available from MRS (a thermal retorting process), and ET1 (a combination physical separatiodchemical leaching process). Both tests processed realworld, mercury-contaminated soils from gas industry sites and were conducted at full scale. The MRS technology was operating at a remote location in New Mexico near the gas industry sites being excavated. The ET1 technology was operating at a fixed-base site in Ohio, an existing Resource Conservation and Recovery Act (RCRA)-permitted Part B facility, where soils were shipped for treatment. Where appropriate, information related to other companies that have developed thermal, physical separation, or chemical leaching processes was utilized.
The EERC, on behalf of GRI and USDOE, witnessed and sampled the demonstrations to evaluate the effectiveness of each technology in reducing the total and leachable (toxicity characteristic leaching procedure [TCLP] ) mercury in the soils tested. Each demonstration was conducted using quality assurance/quality control (QA/QC) protocols established for earlier mercury technology tests under this research program .
ENVIRONMENTAL REGULATIONS
The handling and treatment of hazardous and nonhazardous waste is regulated by the U.S. Environmental Protection Agency (USEPA) under the Resource Conservation and Recovery Act (RCRA). RCRA was passed by Congress in 1976 and significantly amended by the Hazardous and Solid Waste Amendments (HSWA) in 1984. HSWA included the land disposal restrictions (LDR), also called "land ban," which prohibit the land disposal of certain types of hazardous waste, unless specific treatment standards are met.
Proposed treatment standards for hazardous wastes were issued under LDR in several stages. The hazardous wastes were divided into three groups, referred to as the "first-third" wastes (1988), "second-third '' wastes (1989) , and "third-third" wastes (1990). Mercurycontaminated soils failing the toxicity characteristic leaching procedure (TCLP) could be classified as DO09 wastes, which were included in the third-third LDR rule. Some mercurycontaminated soils from gas industry sites could be classified as DO09 wastes. The third-third rule became effective May 8, 1992, but was extended to May 8, 1993, for mercurycontaminated soil by an interim final hazardous soil case-by-case capacity variance (57 FR 47772). This extension was granted in response to treatment capacity issues raised by several parties, including the Mercury Task Force of the Interstate Natural Gas Association of America (INGAA). Another set of major rules potentially affecting the management of hazardous soil is the Hazardous Waste Identification Rule (HWIR). The HWIR -Waste Rule proposes the establishment of risk-based, constituent-specific exit levels for listed wastes or solid wastes "mixed with" or "derived from" a listed waste or those containing a listed hazardous wastes ("contained in").
The HWIR -Media Rule (61 FR 18780-18864) proposes to remove certain lower-risk contaminated media ("soils, ground water, and sediments, that are managed during govemmentoverseen remedial actions") from regulation as hazardous wastes. This rule presents the concept of establishing a "bright line," a concentration above which all media would continue to be managed as hazardous waste, while those below would be subject to site-specific remediation management plans (RMPs). The bright line number proposed for mercury in soil is 70 ppm, and in groundwater it is 0.1 mg/L. LDR -Phase IV and both HWIR rules have been proposed and are not yet effective as of the date of this publication. For further information on the status of these regulations, call GRI's Environmental Technology and Information Center (ETIC) at 1 -800-GRI-ETIC or EPA's RCRAlSuperfund Hotline at 1-800-424-9346.
MERCURY AS AN ENVIRONMENTAL CONTAMINANT
A successful remediation effort requires a thorough understanding of the physical, chemical, hydrological, mineralogical, and biological processes that affect the transport and fate of mercury at any given site. This understanding will provide the basis for the development and/or selection of effective economical remediation alternatives. Mercury is a high-profile environmental contaminant because of its level of to-xicity and global transport. Mercury as a global pollutant has been the subject of a major international conference held every 2 years since 1990 (Watras and Huckabee, 1994; Porcella and others, 1995) .
Mercury exists in both organic and inorganic forms and may occur in three different valence states: as elemental mercury in the H t state and as ionic mercury in either a Hg' or a Hg2' state. Elemental mercury, the only metal that is a liquid at room temperature, has a melting point of -38.87"C (-37.97"F) and a boiling point of 356.6"C (673.9"F). It is 13.5 times more dense than water and approximately 5 times more dense than most soil minerals, It has a vapor pressure of 0.0012 mm Hg at 20°C (68"F), which increases rapidly by orders of magnitude with relatively small increases in temperature. Elemental mercury is sparingly soluble in water (0.056 mg/L at 25°C [77"F]). Selected physical and chemical properties of elemental mercury are listed in Table 1 . Further discussion on the physical and chemical properties of mercury and its various forms is included in a report by Henke and others ( 1993) .
Several prominent physical and chemical features of mercury tend to control its environmental transport and fate, including the following: (Weast and others, 1986) Vapor Pressure (mm of Hg) 1.2 X at 20°C (68°F) (Dean, 1985) Solubility in Water (mg/L) 0.056 at 25°C (77°F) (Merck and Company, 1983) Henry's Law Constant 1.14 X lo-* (Mackay and Leinonen, 1975) 0 Volatility of elemental mercury Ability of mercury to form strong, stable bonds with sulfur, halides (for example, chloride as HgCl'), and oxygen as oxides and hydroxides 0 Tendency for the biotic and abiotic formation of methylmercury (CQHg') and other organomercury compounds, which appear to be the most environmentally sensitive forms of mercury There is a strong tendency for mercury in all of its elemental, ionic, and organomercurial forms to sorb to nearly every available surface, including sediments, soil organic matter, and even the walls of containers used for the storage and transport of samples for analysis. The positive aspect of this behavior is that mercury is not highly mobik under most environmental conditions.
Mercury is also known to associate with suspended solids and colloidal matter in aquatic systems. Thus, mercury attachment and transport on fine particulates is a likely candidate as a supportable hypothesis for mercury mobility. Likely colloids include common clay minerals, humic acids, and other humic-like materials.
Bacterial and abiotic chemical processes can methylate mercury(I1) ions in both waters and geologic materials, forming methylmercury (CH,Hg+). Many animals and certain plants, such as algae, can readily acquire methylmercury. Compared to elemental mercury, methylmercury is more easily absorbed by fish and other aquatic fauna, either directly through the gills or by ingestion of contaminated aquatic plants and animals (Bogle, 1972) . Once methylmercury enters the tissues of the aquatic organisms, many are incapable of excreting the methylmercury. Over the life span of aquatic organisms, their inability to effectively excrete methylmercury may allow the contaminant to bioaccumulate to levels much greater than those found in surrounding waters and sediments. For example, certain carnivorous fish can bioaccumulate methylmercury to levels that are l,OOO,OOO to 1O,OOO,OOO times those found in ambient waters (Bloom, 1992) . Contaminated aquatic organisms are frequently eaten by birds and other animals. The methylmercury may accumulate in these predators and result in death or may be passed on to other land carnivores.
Human exposure may result via three pathways: inhalation, ingestion, and dermal absorption. The most widespread mercury-related health problem among humans involves the consumption of water fauna, such as fish, that have been contaminated with methylmercury. However, the exposure pathway of greatest concern to gas industry workers at meter houses is the inhalation of mercury vapors. A more detailed discussion of human exposure and mercury toxicity can be found in Henke and others (1993) .
REMEDIATION TECHNOLOGY OVERVIEW
. A wide range of remediation technologies have the potential to be used to remove mercury from soil and industrial wastes. Stepan and others (1993) reviewed the current state of mercury remediation technology options and developed a database of 85 companies or research groups identified to be working with or developing mercury remediation technologies. The database was updated in 1995 and includes 95 companies or research groups (Stepan and others, 1995b) .
Although the potential exists for a wide range of technology options for the removal of mercury from soil, when GRI issued a request for proposals (RFP) in 1992, all of the proposals received fell into two broad classes: 1) thermal treatment or 2) combinations of technologies based on physical separation k d chemical leaching (soil washing).
The project resulting from that RFP resulted in another task conducted at the EERC investigating three mercury remediation technologies at bench and pilot scales (Stepan and others, 1995a) . The three remediation technologies tested were 1) a pilot thermal retorting system developed by PMET and MRS, 2) a bench-scale chemical leaching system developed by COGNIS, Inc., Santa Rosa, California, and 3) a pilot combination physical separation/ chemical leaching system developed by Mountain States R&D International, Vail, Arizona.
The development of mercury remediation technologies has continued to evolve in the last few years, as evidenced by the growth and changes in the companies from the 1993 database to the 1995 update Stepan and others, 1993.
MRS DEMONSTRATION
MRS was formed as a joint venture between PMET, McCarl's, Inc., and McCarl's Process Systems, Inc. The MRS thermal technology was originally developed and patented by PMET ) and tested at the pilot scale as a part of the EERC research program. The results of those tests were published as a GRI topical report (Stepan and others, 1995a) . The MRS-PMET thermal technology has been accepted as a recycling process by the U.S. Environmental Protection Agency (USEPA), as well as several states, including Pennsylvania and New Mexico (Weyand and others, 1994) .
MRS began operating a commercial mobile soil remediation unit in New Mexico in July 1994. MRS processed over 6000 tons of mercury-contaminated soil and recovered 3500 pounds of mercury metal for recycling during the New Mexico operation. The MRS technology has reduced the total mercury levels in the soils from 100-2000 ppm to well below 2 ppm (Weyand and others, 1995; Rose and others, 1995) . The cost to treat mercury-contaminated soils is difficult to define very precisely, for reasons discussed in Section 10.0, but the MRS-PMET process was estimated to cost $500 to $750 per ton (Weyand and others, 1994) . MRS estimates a mobilization time of 1-2 weeks for a minimum tonnage of 500-1000 tons of soil to be treated.
MRS was conducting commercial remediation operations on mercury-contaminated soils collected from gas-metering sites in New Mexico during the EERC sampling operation in late October 1995. The purpose of the EERC sampling operation was to witness the demonstration and collect soil samples before and after treatment to verify the effectiveness of the MRS technology in reducing the total and leachable (TCLP) mercury in gas industry soils under fullscale, commercial operation.
M R S Process Description
The MRS mercury'removal and recovery system is a mobile unit mounted on two semitrailers. One of the trailers holds three 2-ton-capacity furnaces, the furnace controls, and the process monitoring and control systems. The other trailer holds the air purification system, the mercury condenser, vacuum pumps, water chillers, and an emergency generator. All critical safety components are supplied in duplicate. The trailers are connected by piping that transports carrier air throughout the system. A schematic of the MRS mobile commercial system is shown in Figure 1 . The entire system is operated under a net negative pressure to prevent the escape of mercury vapors. All incoming process air is passed through a dehumidifier. The dehumidified air is also passed through a carbon column prior to entering the furnace to prevent the escape of mercury vapors in the event of system depressurization. All exhaust gases are passed through a series of carbon columns to remove any uncondensed mercury and acid gases prior to atmospheric discharge.
A simplified process diagram is provided in Figure 2 . Incoming mercury-contaminated soils collected from gas-metering sites are brought to the site in rolloffs and stored under a tarp prior to processing. The mercury-contaminated material is crushed and shredded to produce a feed material of relatively uniform size. The comminuted material is blended with an additive to break down oxides, sulfides, and chlorides and prevent sulfur and chlorine from mixing with the exhaust gas. The blended material is loaded into stainless steel trays with a capacity of approximately 1000 pounds each. Four of these trays are loaded into one of three furnaces that are operated independently, in a batch mode. The furnace doors are bolted shut, and the furnace is turned to a set'point of 950°F. The temperature of the material remains at approximately 200°F until the moisture has been driven off. During the soil-drying phase, the carrier gas (air) bypasses the mercury condenser and is passed through the low-temperature air purification system, consisting of carbon adsorption columns.
After most of the soil moisture is removed, the furnace temperature is automatically increased to a set point of 1450"F, which results in a material processing temperature of approximately 1000°F. At this temperature, elemental mercury in the soil will be vaporized and most mercury compounds will break down to elemental mercury. During the highertemperature mercury removal phase, most of the mercury is vaporized from the soil and transported with the carrier gas (air), which contains very little water vapor, and passes first through the mercury condenser, where mercury vapor is condensed as liquid elemental mercury. The carrier gas is then passed through the high-temperature air purification system . where any remaining mercury vapor is adsorbed by the carbon columns and water vapor is exhausted to the atmosphere. The vaporization operating temperature is maintained for 2 hours, after which the trays of treated material are removed from the furnace and stored. After analytical results verify that the material contains less than 2 mg/kg total mercury, the cleaned material is returned to the previously excavated gas-metering sites.
MRS Sample Collection and Characterization
Sample Collection
For the MRS demonstration, three furnace loads of soil from one rolloff container were sampled before and after thermal treatment in the following way: Each of four trays of soil in each furnace load was sampled at three points across a diagonal, totaling 12 samples per furnace load. The 12 samples were composited, coned and quartered, and collected for laboratory analysis in accordance with QA/QC protocols established for earlier mercury technology tests .
Soil samples were split between EERC and MRS personnel, using a stainless steel soil sample splitter, resulting in replicate samples for separate laboratory analysis and later comparison of the resulting data sets. Samples were collected by EERC personnel for 1) total mercury, 2) leachable (TCLP) mercury, and 3) texture, soil classification, and engineering properties. Duplicate sets of samples were collected, placed in containers, packed in separate coolers with ice, sealed, and shipped by overnight air to EERC laboratories, along with the proper chain-of-custody forms. Upon arrival at the EERC laboratories, the seals were cut, the coolers were opened, samples were inspected, and samples were passed to laboratory personnel for storage in a refrigerator until analyzed.
Sample Classification
Three soil samples, representing each of three furnace loads of soil prior to thermal treatment, were characterized as to texture, classification, and other engineering properties using ASTM standards (American Society for Testing and Materials, 1993 ASTM D2487 is a standard that describes a system for classifying mineral and organomineral soils for engineering purposes based on laboratory determination of particle-size characteristics, liquid limit, and plasticity index. ASTM D3282 describes a procedure for classifying mineral and organomineral soils into seven groups based on laboratory determination of particle-size distribution, liquid limit, and plasticity index. ASTM D4318 is a test method that covers the determination of the liquid limit (LL), plastic limit (PL), and the plasticity index (PI) of soils (Atterberg limits).
The results of the particle-size distribution are indicated in the Table 2 and in an accompanying graphical format (Figures 3-5) . Using the two previously described methods and tabulated data, the soils were all classified as poorly graded, gravely sand with little or no fines (SP) by the Unified method and were classified as granular materials (A-3), light brown sandy, nonplastic, by the AASHTO method. Because the soils were determined to be nonplastic (NP), the LL and PI were unable to be determined. 
Results of M R S Demonstration
A Jerome 431-X mercury vapor analyzer was used to spot-check for fugitive mercury vapors during sampling of the demonstration, but readings were low, consistent with 4day hourly averages provided by MRS (Table 3) . Mercury vapor respirators were worn during all sampling activities within the exclusion zone, as was required by MRS policy, even though the OSHA permissible exposure limit (PEL) was not exceeded (Table 3) . Table 4 summarizes test results for total mercury during the MRS demonstration. FlB2, F2B2, and F3B2, are untreated samples from Furnaces 1, 2, and 3, respectively, while ClB2, C2B2, and C3B2 are their respective treated soils. With the exception of the Skyline Labs results, agreement was generally good between the results. Skyline analyzed samples of the treated soil only, and the reported results were an order of magnitude less than those reported by both On Site and EERC laboratories. Total mercury in the untreated soil showed the highest variability, as might be expected. The variability between analytical labs and between furnace loads is illustrated in Figure 6 . Variability between labs analyzing splits of the same sample was as high as 30% , while variability between furnace loads of the same bulk untreated soil was as high as 80%. Average total mercury from all three furnace loads of untreated soil was approximately 540 mg/kg and 390 mg/kg, based on the results of EERC and On Site labs, respectively, with a combined, overall average of 490 rng/kg for the nine analyses.
Total mercury in the treated soil generally showed less than a 10% variability between labs and a 60% variability between furnace loads. This variability is illustrated in Figure 7 .
Total mercury in the treated soil from one furnace load was at the treatment goal of 2 mg/kg; however, the other two furnace loads both had residual total mercury of less than 1 mg/kg. The combined average total mercury of the three furnace loads of treated material was 1.2 mg/kg.
Leachable mercury was determined at EERC laboratories using the TCLP. Results of TCLP analyses are listed in Table 5 . TCLP mercury of the untreated soil in two of the three furnace loads was near or above the current regulatory limit of 0.20 mg/L. Following treatment, TCLP mercury was reduced to well below both the current regulatory limit and the proposed regulatory limit of 0.025 mg/L. Systems, Inc. (Republic) . Republic is a full-service treatment, storage, and disposal facility (TSDF) that has a 270-day RCRA Part B permit and an Ohio Part B permit. Its RCRA storage capacity is 975 drums and 750 cubic yards of solids. Under the terms of their permit, they can treat both hazardous and nonhazardous wastes or soils. The ET1 technology is considered a recycling process by virtue of recovering mercury in a sufficiently pure form (99% pure) and is exempted by the state of Ohio.
Republic obtained a permit for the wastewater generated during the process to be discharged to the local publicly owned treatment works (POTW), provided the wastewater contains less than 2 pg/L total mercury. Republic also coordinated its emergency response plans with Cayahoga County and the city of Bedford. Treatment goals for the mercury-contaminated soil were 0.2 mg/L TCLP mercury and 20 ppm total mercury. The acceptable limit in Ohio for total mercury in soils was 190 ppm. The regulatory limit in Ohio for discharge to a POTW is 2 pglL total mercury.
. When ET1 commenced operation, they requested 1000 tons of mercury-contaminated soils for processing, but received only a total of 400 tons, 200 tons from the natural gas industry and 200 tons from the chlor-alkali industry. On December 9, 1994, the EERC visited the site to witness and evaluate the MRRS.
ET1 Process Description
At the time of the ET1 demonstration, the MRRS was operating as a fixed-base batch process. The MRRS consisted of two 46-ft trailers (one for chemical leaching and one for liquids processing), one 40-ft trailer for physical separation, and a 22-ft trailer for the mobile laboratory. The facility also includes various acid extraction tanks, which can be stored on the trailers when the system is mobilized. ET1 plans to commercialize the system and construct an additional recycling facility in the southern part of the United States. Costs are estimated at $300-$450 per ton of soil treated, which includes waste storage costs. The largest variability in costs is based on the proprietary chemicals used in the system and the volume of soil to be treated. ET1 expects to maintain the MRRS as a fixed-base system, treating contaminated soils as they are shipped to the mercury recycling facility. However, the system can be designed to be mobile, but would need to process at least 2000 tons of mercury-contaminated soil to be economical. Mobilization time is estimated at 1 week. Figure 8 shows the layout of the mercury recycling facility as it existed during the ET1 demonstration. The main unit operations included 1) physical separation using screens, trommels, jigs, and sandscrews; 2) chemical extraction using a proprietary leaching solution, leaching tanks, and centrifuges; 3) liquids processing using rinse tanks, centrifuges, neutralizing solutions, a proprietary neutralizing agent, and filters; and 4) mercury recovery using ion exchange and electrowinning. The chemical extraction (leaching) and rinse stages are operated in countercurrent flow. Figure 9 shows the ET1 MRRS process flow diagram. At the time of the demonstration, the process had a patent pending. The patent has recently been issued (Hobby, 1996) .
Preprocessing
The soils for the ET1 demonstration were staged in a warehouse. A front-end loader was used to preprocess and move the soil. The front-end loader had a 1 ?4 -inch screen attachment to break up larger chunks of soil and a 1%-inch rotating screen trommel attachment for breaking up larger chunks of clay. Foreign objects observed in some of the other staged soil piles included rubber boots, paper, filter presses, tape, etc.
The soil treated in this demonstration consisted of clay, silt, sand, and gravel. Very little plant material, humus, was noted in these soils. ET1 usually runs humic material through the system. Other organic debris is floated and removed if it does not contain mercury. If the debris is contaminated with mercury, it is crushed and processed in the MRRS. Very little foreign debris was noted in the demonstration soil. 
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Physical Separation
Preprocessed soil was loaded into a bar screen hopper. A conveyor belt moved the soil to a trommel, where the physical separation began. A high-pressure waterline sprayed water containing a proprietary additive onto the soil in the trommel for further separation. The soil-water mixture from the trommel was sent to a shaker screen to remove the gravel fraction, which was separated and collected in a bin.
The fine soil fraction from the shaker screen was then sent to vibrating roughing jigs used to separate the clays and sands from the denser materials (e.g., mercury and course sand particles). The denser materials were pumped from the bottom of the jigs to a finishing jig, where elemental mercury was separated from less dense materials. Elemental mercury was collected from the bottom of the jigs and the less dense material sent to the chemical extraction system.
The clays and sands were removed from the top of the roughing jigs and separated by sandscrews. Sands were collected in a bin, and the clays were combined with the less dense material from the finishing jigs and sent to a centrifuge. The liquid effluent, or centrate, from the centrifuge was recycled to a storage tank, and the fine soil fraction was sent to the chemical extraction system. The physical separation stage can process up to 20 tons per hour.
Chemical Extraction
The chemical extraction system is based on countercurrent leaching using a proprietary oxidizing acid leaching solution. The number of leaching steps and the volume of leachant required is based on the characteristics of the contaminated soil. For the ET1 demonstration soils, two leaching steps were required. A proprietary additive is included in this stage if the mercury-contaminated soil is found to also contain significant concentrations of organic contaminants. This stage could be rate-limiting when processing a fine-grained soil, as it can process only 4 to 5 tons per hour.
The fine soil fraction was sent to the first leaching tank where it was slurried with the centrate generated from the second-stage leachkentrifuge step. The slurry was agitated using jet mixers, After contact for a predetermined length of time, the slurry was sent to a centrifuge. The centrate was sent to a spent solution storage tank and the solids pumped to the second leaching tank. The spent solution was eventually filtered and the filtrate used in the rinse and neutralizing steps.
In the second leaching tank, the contents of which were steam-heated and agitated with jet . mixers, the solids were contacted with a combination of fresh leachant and recycled rinsate for a precalculated length of time, followed by centrifugation. The centrate was sent to a solution storage tank, which fed leachant into the first leaching tank.
Liquids Processing/Mercury Metal Recovery
The solids were pumped from the centrifuge to the first rinse tank, which used recycled rinsate as the rinsing solution. The rinsate-slurry solution was then centrifuged. The centrate was sent to a rinse water storage tank and eventually recycled to the second leach tank. When the rinse water becomes too contaminated, it will be sent through the proprietary metals recovery unit, in which mercury will be selectively removed from the liquid stream and recovered for recycling. The water, less the mercury, will be returned to the system for use in the rinse and neutralizing tanks.
The solids from the centrifuge were then sent to a second rinse tank that used a combination of fresh water and treated process water in the rinse. The slurry was then centrifuged, and the centrate was sent to a tank that stored rinse water for the first rinse cycle.
The solids were pumped to a neutralizing tank and mixed with treated process water to which a proprietary agent was added to neutralize the pH. The neutralized solution was then centrifuged. The centrate was sent to a recovered water storage tank that provides water for the second rinse step. Overflow from this stream was stored in above-ground storage tanks and eventually discharged to the local POTW. The treated soils were conveyed to a holding bin, from which samples were collected. Previous MRRS-treated soils have been sent to a Browning-Ferris Industries (BFI) landfill.
Air Monitoring
A Jerome@ meter was used to monitor areas of concern in the process. ET1 had been monitoring areas during its past demonstrations and had found only two areas of concern, near the feed pile (warehouse) and the primary roughing (physical separation unit). During the ET1 demonstration, meter readings in the feed pile area showed 0.037, 0.222, 0.250, and 0.268 mg of Hg/m3. Readings near the jig showed 0.004, 0.004, 0.046, and 0.012 mg of Hg/m3.
ETI Sample Collection and Characterization
Sample Collection
Both EERC and ET1 personnel collected replicate process samples during the demonstration. Although ETI's mobile laboratory is not a USEPA-approved lab, samples were routinely analyzed for internal check purposes. The lab uses a Hewlett-Packard cold-vapor atomic absorption unit to measure total mercury. ET1 sent out samples periodically to USEPAapproved labs for external checks. The mobile lab also conducted treatability studies to predict actual run conditions. Table 6 lists the samples collected, and Figure 9 shows locations where samples were collected by the EERC during the demonstration. Not all streams could be sampled because of demonstration limitations. The untreated soil (feed soil) was separated into sand, gravel, and fine soil fractions (clays and silts) during the physical separation stage. The sand and gravel fractions were removed during this stage, and the fine soil fraction was separated for processing in the chemical extraction stage. The treated soil consisted of the fine soil fraction less the recovered mercury. Because the demonstration did not add enough recovered mercury to the liquids-processing stage, the stream could not be sampled. All samples were collected according to USEPA SW-846 Quality Assurance/Quality Control guidelines (USEPA, 1986) . Trip blanks and field blanks were collected in addition to the process samples. All samples were sealed and stored in coolers at 4°C and shipped by overnight air to the EERC laboratories.
Sample Classification
Two soil samples (3A and 3B) representing the feed soil (untreated) were blended together and characterized as to texture, classification, and other engineering properties using the following ASTM standard methods: The results of the particle-size distribution are indicated in Table 7 and in an accompanying graphical format (Figure 10 ). Using the two previously described methods and tabulated data, the soil was classified into the silty sand (SM) by the Unified method and silty or clayey gravel and sand (A-2-4) by the AASHTO method. 
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Plasticity index = 7.0%. in Ohio for total mercury in soils is 190 ppm. The regulatory limit in Ohio for discharge to a POTW is 2 pg/L total mercury.
Results of ETI Demonstration
I
Results show that the physical separation step, which removes sands and gravels, was sufficient to meet the Ohio regulatory level for total mercury in soils and the RCRA regulatory level for TCLP mercury (see Figures 11 and 12) . However, the ability of physical separation to reduce total mercury concentrations to below the treatment goals was inconsistent. EERC and ET1 results show total mercury concentrations in all but one gravel sample to be greater than the treatment goal (see Figure 12 ).
Because the ET1 demonstration in December 1994 was performed during inclement weather, only two leaching stages were conducted owing to freezing conditions. Treated soil sample results 12A and 12B (duplicate) were reported based on the two leaching stages.
Because ET1 believed three leaching steps are required for mercury-contaminated soil of this type, a subsequent third leach and an additional rinse was performed on the demonstration soil in March 1995. ET1 submitted samples (01-R35 and 02-R35) following the third leaching step in March 1995 to the EERC for analysis. Note that the processing of the fine soil fraction through the third leaching step and sampling in March 1995 was not witnessed by EERC personnel. Therefore, we cannot verify the validity of those samples.
EERC results show the total mercury concentrations (mg/kg) were as follows: in the untreated soil (483), the fine soil fraction (241), the two-stage leach-treated soil (77.5), and the three-stage leach-treated soil (2.52). EERC TCLP mercury concentrations (mg/L) were as 
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Figure 1 1. TCLP mercury treated soils, sand and gravel fractions, ET1 demonstration, Ohio. Table 9 compares mercury concentrations in the untreated soil, the untreated fine soil fraction, the treated soil, and the treatment goals using the results from both the EERC and ETI. While the second leaching step was sufficient to reduce the total mercury concentrations in soil to below the Ohio regulatory limit, it was not able to meet the treatment goals for either the total mercury or TCLP mercury concentrations. A third leaching step was critical in meeting these goals. A third-stage leach was sufficient to meet the RCRA regulatory limit of 0.20 mg/L. Figures 13 and 14 illustrate the relationship between the process streams, the regulatory limits, and the treatment goals for total mercury ( Figure 13 ) and TCLP mercury (Figure 14) .
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In addition to the treatment goals and regulatory limits for soils, the regulatory limit in Ohio for discharge to a POTW is 2 pglL total mercury. The MRRS generates an overflow liquid stream in the form of centrate during liquids processing, which is sent to a recovered water storage tank that provides water for additional rinsing. Overflow from this stream is stored in aboveground storage tanks and eventually discharged to the local POTW. During the ET1 demonstration, a sample of this rinse water was collected for analysis (Table 10) . Results indicated mercury concentrations in the water at 4 mg/L (ppm). Because the volume of the storage tank was not at capacity, ET1 had not discharged water from the tank prior to or during the demonstration. When discharge is necessary, ET1 expects further processing would be required to reduce mercury concentrations prior to discharging water to the POTW.
COMPARISON BETWEEN MRS AND ET1 TECHNOLOGIES
The purpose of this section of the report is to compare the two competing commercial technologies of MRS and ETI, as operating during the EERC witnessing and sampling of the demonstrations. To do this, a list of advantages of each technology has been constructed. By stating that one technology has a particular advantage, it is usually implied that the other technology possesses the corollary disadvantage, but this is not always the case.
In comparing the two technologies, the advantages of each can be viewed to be primarily either technical or economic in nature. However, any technical advantage may result in an economic advantage also. As discussed later in this report, the economics of these two technologies is probably the most difficult comparison to be made.
Advantages of the MRS Technology
The MRS technology and thermal treatment in general can reduce the total mercury and leachable mercury (TCLP) to lower levels than can be achieved by the ET1 process or any other chemical leaching process previously examined. MRS reduced The MRS technology was designed to be mobile, although it could also be operated at a fixed-base site, as ET1 was operating during the demonstration.
The MRS technology is not sensitive to the organic content of the soil. By contrast, any chemical leaching process will probably be less effective in soils with a high organic content.
The MRS technology generates no secondary wastes that would require disposal. All moisture contained in the soils or wastes passes out through the carbon columns as water vapor. The activated carbon is processed by the MRS technology rather than shipped off-site for treatment. The ET1 technology does generate a substantial volume of water, which requires further treatment to reduce mercury levels prior to disposal through a National Pollutant Discharge Elimination System (NPDES) permit.
The MRS technology is designed with a simplicity that involves few moving parts and very little materials handling. By contrast, any soil-washing or chemical leaching process requires a fairly complex level of materials-handling equipment.
The MRS technology is less likely to be affected by low temperatures. By contrast, the ET1 process may be subject to freezing when operating under cold conditions. The MRS technology will probably produce more consistent results and will be less sensitive to the range of characteristics of the soils or to the forms of mercury present, combination of temperature and time will permit all forms of mercury to be removed. By contrast, any chemical leaching process will be more sensitive to the characteristics of the soil and to the forms of mercury present.
. as indicated in previous research. Exposing the soils or wastes to an adequate The MRS technology, and any thermal treatment in general, is less likely to increase the leachability of the mercury in the soil. By contrast, the chemical leaching process is achieved by increasing leachability during soil processing and removal of mercury. If a soil were only partially leached prior to disposal, it might be possible that leachability as measured by TCLP would be increased.
The MRS technology does not require the handling and use of chemicals that could present some danger to workers. By contrast, the ET1 process uses warm acid solutions for leaching, which could pose an added safety risk.
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. The ET1 technology has a higher rate of throughput (6-8 tons per hour) than the MRS
Advantages of the ET1 Technology technology (12 tons per day).
The ET1 technology and chemical leaching in general, is potentially less energyintensive than a thermal treatment system such as the MRS technology.
The ET1 technology is potentially less costly ($300 to $450 per ton) than the MRS technology ($500 to $750 per ton). However, as mentioned above, any cost comparison between these two technologies is tentative, at best. The ET1 technology was operating under the umbrella of an existing RCRA-permitted Part B facility during the demonstration, which may have several advantages related to permitting, insurance, liability, site access control, record keeping, etc.
Having the ET1 technology operating at a fixed facility allows mercury-contaminated soils or wastes to be shipped to ET1 for processing, which is probably more costeffective for small volumes than bringing the technology to the site. By contrast, MRS was not set up to accept soils shipped to their facility at the time of the demonstrations.
The cost to operate the ET1 technology is not sensitive to the moisture content of the soil or waste. By contrast, the MRS technology is significantly affected by an increase in moisture content, which will increase the amount of heat and time required for processing, hence increasing the operating cost per ton.
The ET1 technology is designed to recirculate and reuse the leaching and rinsing solutions, which optimizes the use of chemicals and hence reduces the costs. Both technologies are using chemicals and additives that they consider to be proprietary, but all of these chemicals and additives are apparently generic and readily available at reasonable costs.
Both technologies could be operated as a mobile unit, consisting of two or three flatbed trailers, as MRS is currently doing, or as a fixed-base facility, as ET1 was operating at the time of the demonstration.
ECONOMIC CONSIDERATIONS
As mentioned above, the economics of these two technologies is probably the most difficult comparison to be made, without doing a full economic analysis of each technology. An indication of the relative costs of the two technologies is the price offered by each company to provide the service.
Obviously, this approach is not infallible, because a company could set its prices below cost to generate initial business or could bid well above its costs in the hope of making an excessive profit. In the case of MRS and ETI, both companies began their first commercial operation in the second half of 1994, so the prices they were quoting in 1995 will be subject to reevaluation after some track record of operating costs has been established. As noted in Section 9.2, the treatment cost estimated by MRS is $500 to $750 per ton, while the cost estimated by ET1 is $300 to $450 per ton.
Many factors must be considered in setting the price to charge the customer for on-site treatment, including the operating and maintenance costs of any operation. Some of these factors include 1) total volume of contaminated material at any given site; 2) level of mercury contamination; 3) characteristics of the contaminated material; 4) predominant form in which the mercury exists; 5) level to which the contaminated soils must be remediated; 6 ) presence of other contaminants and debris; 7) health and safety considerations; 8) process containment costs (e.g., liners, berms); 9) transportation costs; 10) costs of process chemicals; 1 1) local utility costs; 12) ultimate disposition of remediated soils; 13) cost of clean fill materials; 14) permitting requirements and costs; 15) analytical costs; 16) labor costs; 17) amortization of equipment; 18) mobilization and demobilization costs; and 19) long-term monitoring costs. (For a more detailed discussion of these factors, see Stepan and others, 1995a) .
This long list of factors would apply to an operation like that of MRS, which operates at remote field sites, but not all of these factors would apply to ET1 if operated at a fixed-base facility. The point of this long list of factors is that the overall costs can be impacted by many variables, most of which will be site-specific and difficult to define precisely. Therefore, an economic comparison of the two technologies on a "cost per ton" basis is, at best, only a general indication of the hnediate or short-term cost to the client.
Another economic consideration, beyond the direct costs associated with treatment, is any long-term liability and potential costs related to disposal of the "clean" soil or waste. Of particular concern should be the long-term liability of clean soils in Subtitle D landfills, where the soils are mixed with a wide range of other wastes.
CONCLUSIONS AND RECOMMENDATIONS
The two technologies chosen for these tests contrasted one another in several ways: 1) MRS is a thermal retorting system, while ET1 is a combination physical separation-chemical leaching system; 2) MRS was operating as a mobile unit, while ET1 was set up at a fixed facility; 3) M-RS was operating at a western U.S. site (New Mexico) and ET1 was operating at an eastern U.S. site (Ohio), with different soil characteristics.
The data collected during this commercial demonstration indicate that the MRS thermal retorting technology reduced both total and leachable mercury to lower levels than the ET1 technology, which will also reduce the long-term liability of disposal of the treated soils. An ET1 representative suggested that they can equal the MRS numbers with additional leaching cycles.
ET1 projects a higher rate of throughput and a lower cost per ton, but it will not be possible to verify those rates until the technology is in commercial operation on a continuous basis for some reasonable length of time.
The physical separation stage of the ET1 technology removed liquid mercury, with the balance of mercury being highest in the fine fraction (silt and clay), intermediate in the sand fraction, and lowest in the gravel fraction.
